RNA ligases have essential roles in many cellular processes in eukaryotes, archaea and bacteria, including in RNA repair 1,2 and stressinduced splicing of messenger RNA 3 . In archaea and eukaryotes, RNA ligases also have a role in transfer RNA splicing to generate functional tRNAs required for protein synthesis [4] [5] [6] [7] . We recently identified the human tRNA splicing ligase, a multimeric protein complex with RTCB (also known as HSPC117, C22orf28, FAAP and D10Wsu52e) as the essential subunit 8 . The functions of the additional complex components ASW (also known as C2orf49), CGI-99 (also known as C14orf166), FAM98B and the DEAD-box helicase DDX1 in the context of RNA ligation have remained unclear. Taking advantage of clusters of eukaryotic orthologous groups, here we find that archease (ARCH; also known as ZBTB8OS), a protein of unknown function, is required for full activity of the human tRNA ligase complex and, in cooperation with DDX1, facilitates the formation of an RTCB-guanylate intermediate central to mammalian RNA ligation. Our findings define a role for DDX1 in the context of the human tRNA ligase complex and suggest that the widespread co-occurrence of archease and RtcB proteins implies evolutionary conservation of their functional interplay.
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A kinetic assay using Flag-tagged RTCB affinity purified from stably transfected HEK293 cells (Extended Data Fig. 1a , b) and tRNA exon halves (Fig. 1a) or isolated linear intron as a minimal substrate (Fig. 1b, c ) (see Methods) revealed that product formation virtually ceased to occur before consumption of the substrate (Fig. 1a-c) . The maximum amount of ligation product formed was proportional to the initial amount of enzyme ( Fig. 1c and Extended Data Fig. 1c-e) , suggesting that affinitypurified Flag-RTCB requires an additional, stimulatory component for unlimited enzymatic turnover. We reasoned that the distinctive phyletic distribution of RtcB proteins in eukaryotes (that is, their absence in plants and fungi 9 , which rely on different ligase proteins and mechanisms [10] [11] [12] ; Extended Data Fig. 2a ) could be used to discover proteins functionally associated with human RTCB. We therefore focused our attention on seven clusters of eukaryotic orthologous groups (KOGs) conserved in the same model organisms as RtcB (cluster number KOG3833) 13, 14 (Extended Data Fig. 2b ). One of these, KOG4528, encompasses archease, a protein of unknown function predicted to act in combination with nucleic acid processing factors 15 . In Pyrococcus abyssi, archease improves the substrate specificity of a tRNA methyltransferase encoded downstream in a bicistronic operon 16 ; however, this function does not appear to be conserved in mammals 17 . We therefore added recombinant archease (Extended Data Fig. 3a ) to ligase assays containing affinity-purified human Flag-RTCB, which made ligase reactions proceed to near-complete consumption of substrate (Fig. 1d) . Addition of recombinant archease to stalled ligase reactions allowed the formation of product to resume ( Fig. 1e and Extended Data Fig. 3b, c) . Two mutant versions of archease, D39A (Asp 39 R Ala 39) and K144A (Lys 144 R Ala 144) (Extended Data Fig. 4 ), had no effect on the ligase activity of human Flag-RTCB (Fig. 1f) .
Affinity purification of Flag-archease or Flag-RTCB from HEK293 cells did not reveal a detectable association of archease with the human tRNA ligase complex (Fig. 2a) or any RNA ligase activity (Fig. 2b) . However, Fig. 5c, d ), further attests to the specificity of the crosslink (Fig. 2d) . Thus, archease is a component of the human tRNA ligase complex. Characterization of the interaction between archease and the tRNA ligase complex by surface plasmon resonance (SPR) yielded a dissociation constant (K d ) of 1.8 6 0.9 nM (Extended Data Fig. 5e-g ). The inactive D39A mutant had similar interaction parameters to the wild-type protein, indicating that this residue directly mediates the chemical reaction steps or conformational rearrangements required for RNA ligation rather than facilitating the interaction of archease with RTCB.
To test whether archease stimulates the activity of human RTCB complexes at the stage of product release, we established a gel shift assay to detect RTCB-RNA adducts forming at reaction conditions. These adducts (termed C1, C2 and C2a) appeared only transiently in the presence of wild-type archease (Fig. 3a, lanes 1-4) but persisted upon mutagenesis of conserved residues (Fig. 3a , lanes 5-8, and Extended Data Fig. 6a ). All adducts-irrespective of whether they had formed in the presence or absence of functional archease-exclusively contained the substrate RNA species S and P concat (Fig. 3b, lanes 1-4, and Extended Data Fig. 6b ) and Flag-RTCB (Extended Data Fig. 6c ). Taken together, these data do not support the release of RNA products being a rate-limiting step accelerated by archease.
The ligase activity of RtcB from Escherichia coli depends on the formation of a covalent RtcB-guanylate intermediate and the subsequent transfer of GMP to the 39 end of RNA molecules with 29,39-or 39-phosphate termini 19, 20 . In contrast to prokaryotic RtcB, addition of [a-32 P] GTP to RNA ligase assays did not lead to the formation of a radiolabelled human RTCB-guanylate adduct (Fig. 3c, top, lane 1) . Formation of a radiolabelled band corresponding to guanylated human Flag-RTCB 
LETTER RESEARCH
required the addition of wild-type archease, whereas inactive archease point mutants did not support guanylation (Fig. 3c, top, lanes 2-4) . In agreement with this finding, archease stimulated the activity of the human tRNA ligase complex with high efficiency only in the presence of GTP ( Fig. 3d and Extended Data Fig. 7a ). The co-purification of GTP or isolation of a guanylated form of RTCB during affinity purification 8, 20 may account for the detection of activity corresponding to incomplete turnover cycles during the initial and apparently archease-independent phase of the reaction (Extended Data Fig. 7a ). Although ATP could not serve as a nucleotidyl donor for human RTCB ( Depletion of archease by RNA interference (RNAi) impaired maturation of intron containing pre-tRNAs in vitro, to a comparable extent as observed upon the depletion of RTCB ( Fig. 4a and Extended Data Fig. 10a, b) . Simultaneous depletion of archease and RTCB suppressed pre-tRNA maturation even more (Fig. 4a) . Splicing activity was restored by expressing exogenous wild-type but not mutant archease (Fig. 4b, c) .
In agreement with the dependence of the activity of the human tRNA ligase complex on DDX1, tRNA maturation under multiple turnover conditions-that is, in the presence of recombinant archease-was recognizably impaired upon its depletion. A similar effect was observed upon the depletion of CGI-99, presumably due to the concomitant depletion of DDX1 (Fig. 4d , compare panels 1 and 2 with panels 4 and 5, and Extended Data Fig. 10c ) 8 . Induction of transcription of tagged pre-tRNAs 8 revealed that the formation of mature tRNA was impaired to comparable levels in cells depleted of archease or RTCB ( Fig. 4e and Extended Data Fig. 10d ).
We have revealed that archease facilitates the DDX1-dependent formation of an RTCB-guanylate intermediate central to mammalian RNA ligation and provided evidence for the role of ATP hydrolysis by the human tRNA ligase 8, 22 (Extended Data Fig. 7a ). In human cell lines, a major fraction of DDX1 associates with the tRNA ligase complex, which is supported by affinity purification (Extended Data Fig. 7c ) and short interfering (si)RNA-mediated co-depletion experiments (Extended Data Fig. 10c ). These findings suggest that RTCB-and possibly archeasemay also be involved in the established functions of DDX1 in the context of retinoblastoma . Our implication of archease in mammalian tRNA splicing has already stimulated experiments demonstrating the functional cooperation of archease and RtcB proteins in at least one archaeon 28 , and this may be widespread as many prokaryotic genomes harbour homologues of both proteins in operons 29, 30 .
METHODS SUMMARY
Flag-tagged RTCB, archease, TSEN2 and DDX1 were isolated by affinity chromatography from stably transfected HEK293 cells. RNA ligase and pre-tRNA processing assays were carried out as described previously 8 . KOGs were retrieved from the publically available database ftp://ftp.ncbi.nih.gov/pub/COG/KOG/kog 13, 14 . SPR measurements were carried out and analysed by F. Kricek at NBS-C BioScience & Consulting GmbH. A detailed description of all the methods and reagents used can be found in Methods. d, In vitro tRNA maturation assay of HeLa extracts that were RNAi depleted of the indicated tRNA ligase complex subunits supplemented with archease (10 mM). e, Northern blot of RNA isolated from HeLa cells that were RNAi depleted of archease or RTCB. Samples were isolated at the indicated time points after induction of tagged pre-tRNA.
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Online Content Any additional Methods, Extended Data display items and Source Data are available in the online version of the paper; references unique to these sections appear only in the online paper. ) and the affinity matrix was washed five times with lysis buffer and three times with buffer P100 (30 mM Tris-HCl pH 7.5, 100 mM NaCl, 2 mM MgCl 2 , 5% (w/v) glycerol, 0.1% (w/v) Triton X-100, 4 mM b-mercaptoethanol). Bound proteins were eluted by addition of 33Flag peptide at a final concentration of 1 mg ml
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(Sigma catalogue no. F4799). RNA ligase assays. Cleaved pre-tRNA transcripts or linear RNA fragments (50 nM to 1 mM, typically 100 nM) were incubated with varying amounts of affinity-purified Flag-RTCB (typically 1-5 ml of eluate per 10 ml reaction) as described previously 8 . Where indicated, recombinant, hexahistidine-tagged archease (40 nM to 10.25 mM) or a corresponding volume of buffer (10 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM dithiothreitol (DTT), 10% (w/v) glycerol) was added to the reaction. For doseresponse experiments, recombinant archease (40 nM to 10.2 mM) was added to Flag-RTCB (30 nM) pre-incubated with an excess of linear RNA fragment (300 nM) for 90 min. The rates of formation of P concat were plotted versus the respective concentration of archease. RNA mobility shift assays. Reactions (5 ml Flag-RTCB eluate, 1.5 mM linear RNA substrate, 20 mM recombinant archease, 30 ml total volume) were incubated at 37 uC and aliquots of 5 ml quenched by transfer to ice. Samples were resolved by 6% PAGE (170 mm 3 240 mm 3 1 mm) in 0.53 TBE run at 5 W, 4 uC for 3 h. For analysis of the RNA content of shifted complexes, gels were visualized by phosphorimaging, bands excised and passively eluted in 200 mM Tris-HCl pH 7.5, 25 mM EDTA pH 8.0, 300 mM NaCl, 2% SDS. RNA was recovered by ethanol precipitation and analysed on 12.5% denaturing PAGE gels. Preparation of the linear RNA fragment used for ligation assays. Hybrid pretRNA was transcribed as described previously 8 using the AmpliScribe T7-Flash kit (Epicentre catalogue no. ASF3507) as recommended by the manufacturer. The recovered transcripts were cleaved with recombinant tRNA endonuclease from Methanocaldococcus jannaschii as previously described 8 and the cleavage products resolved on preparative denaturing polyacrylamide gels. The linear intron was recovered by passive elution and dissolved at an appropriate concentration in 10 mM TrisHCl pH 7.5, 100 mM KOAc, 6 mM Mg(OAc) 2 and 150 mM spermine-HCl pH 7.5. Quantitative evaluation of RNA ligation assays. The intensities of bands corresponding to substrate (S), concatemerized (P concat ), circularized concatemer (P concat,circ ) and circularized (P circ ) product were determined by phosphorimaging and the evaluation software ImageQuant (GE Lifesciences). All intensities were corrected by subtraction of appropriate background values. Concentrations of P concat were calculated by dividing the sum of counts corresponding to P concat and P concat,circ by the total signal in the respective lane and multiplication of the resulting fraction with the appropriate substrate concentration. Preparation of recombinant hexahistidine-tagged human archease. pET28a-archease was created by amplification of the coding sequence of archease from HeLa cDNA using the primers NdeI_ARCH_F (59-AAGCGTCATATGATGAA GGGCGGAAGTAG-39) and XhoI_ARCH_R (59-ATTCGACTCGAGTTATTA AATGTCAATGATCAC-39) and ligation into pET28a using the restriction enzymes NdeI and XhoI. Hexahistidine-tagged archease was expressed in E. coli BL21-CodonPlus (DE3)-RIL and purified by Ni-NTA affinity chromatography. After a subsequent gel filtration in 50 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM DTT, 10% (w/v) glycerol, protein fractions were flash frozen in liquid nitrogen and kept at 280 uC for long-term storage. Retrieval of KOGs and bioinformatic analysis of archease. KOGs were retrieved from the publically available database ftp://ftp.ncbi.nih.gov/pub/COG/KOG/kog 13, 14 .
For the alignment of archease proteins the family was collected with an NCBI-BLASTp search 31 within the NCBI non-redundant protein database applying default parameters and highly significant expectation values (,10
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). The proteins were aligned using MAFFT (version 6, L-INS-I method) 32 and graphically processed with ClustalX 33 . The NMR structure of archease from Methanobacterium thermoautotrophicum 34 was coloured by the degree of conservation using Pymol (http://www.pymol.org). The normalized conservation score was calculated with al2co, with an independentcount-based sequencing weighting scheme, the sum-of-pairs measure conservation calculation method and the BLOSUM62 scoring matrix 35 and plotted using a continuous colour scale with yellow indicating the highest and blue indicating the lowest degree of conservation. Cloning of mutant versions of human archease. Asp 39, Thr 147 and Lys 144 were converted into Ala residues by overlap extension PCR and sub-cloned into the vectors pDONR201, gcDNA3.1_myc and pET28a. SPR. SPR measurements were performed on a Biacore 3000 instrument (GE Healthcare Europe). Hexahistidine-tagged archease and the archease mutant D39A were covalently immobilized on the surface of a CM5 optical sensor chip at densities of 1,239 and 1,679 RU, respectively, using the Biacore amine coupling protocol. Amine-activated flow cell 1 was used as a reference to allow generation of background-subtracted binding sensorgrams. Flag-RTCB complexes were passed over the flow cells at 30 ml min 21 in HBS-P buffer (10 mM HEPES-KOH pH 7.4, 150 mM NaCl, 6 mM MgCl 2 , 0.005% v/v Surfactant P2) supplemented with 0.5 mM ATP or AMPPcP and 0.5 mM GTP. Sensorgrams were generated with 193 s association and 500 s dissociation phases and are shown as subtractive curves against an amineactivated reference surface. After each run the chip was regenerated using 10 mM glycine-HCl pH 1.5. For determination of binding kinetics, sensorgrams were analysed by mathematical curve fitting aimed at Chi-squared , 1, based on a Langmuir 1:1 interaction model using the BiaEvaluation 4.1 software. In vitro nucleotidylation of Flag-RTCB complexes. Flag-RTCB (2.5 ml) was mixed with 0.5 ml hexahistidine-tagged wild-type or mutant archease (10 mM final concentration), 3.25 ml nucleotidylation buffer (20 mM Tris-HCl pH 7.5, 200 mM KOAc, 12 mM Mg(OAc) 2 , 300 mM spermine-HCl pH 7.5, 1 mM DTT, 1 mM ATP, 1 mM GTP, 1% (w/v) Triton X-100, 30% (w/v) glycerol) and 0.25 ml (92.5 kBq) [a- 
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Pre-tRNA maturation and cleavage assays. Pre-tRNA maturation and cleavage assays were carried out as previously described 8 . Construction of pSUPER.retro.neo1GFP-ScPhe. The sequence coding for Saccharomyces cerevisiae pre-tRNA3-PheGAA, chromosome 13 was fused to a Tetinducible H1 promoter 36 and introduced into pSUPER.retro.neo1GFP (OligoEngine catalogue no. VEC-PRT-0005/0006) using the restriction enzymes EcoRI, HindIII and BglII. The resulting construct was introduced into HeLa T-Rex cells (Invitrogen catalogue no. R714-07) by retroviral infection following standard procedures. GFPpositive single cells were seeded into 96-well plates, expanded and tested for inducible expression of the reporter tRNA by northern blot analysis. Expression of the reporter tRNA transcripts was induced by addition of 1 mg ml 21 of doxycycline hyclate (Sigma catalogue no. D9891) to cell culture media for the indicated time. Northern blotting. Northern blot analysis of RNA was carried out essentially as previously described 8 . Blots were hybridized with 10 pmol of a [59- Western blotting. Proteins were transferred onto Immobilon P polyvinylidene difluoride (PVDF) membranes (Millipore catalogue no. IPVH00010) and blots were developed using ECL reagent (GE Lifesciences catalogue no. RPN2109) as recommended by the manufacturer. The polyclonal antibody against RTCB used in this study has been described before 8 . Antibodies recognizing b-actin (Abcam catalogue no. ab8227), FAM98B (Sigma catalogue no. HPA008320), DDX1 (Bethyl catalogue no. A300-521A) and the c-Myc (Sigma catalogue no. M4439) and Flag (Sigma catalogue no. F3165) epitope tags were obtained from the indicated commercial sources. Quantitative reverse transcriptase PCR. RNA was prepared using Trizol reagent (Invitrogen catalogue no. 15596) and reverse transcribed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems catalogue no. 4368813) according to the manufacturer's instructions. Quantitative PCR was performed using GoTaq qPCR Master Mix (Promega catalogue no. A6002). Relative expression levels were normalized relative to human cyclophylin B using the primers HsCYCB_F (59-G TAATCAAGGACTTCATGATCCAGGG-39) and HsCYCB_R (59-AACTTTGC CAAACACCACATGCTTGC-39). Archease was detected using the primers ARCH_ QPCR_F (59-GCATGGGGAGATACTCTGGA-39) and ARCH_QPCR_R (59-C TTCCCGGGGTATGAAGAAT-39). The primers used for detection of RTCB have been described previously 8 . All primers were designed using the Primer3 software (v.0.4.0). 
KOG No. 5   143  401  229  487  315  186  272  358  444  530  100   143  401  229  487  315  186  272  358  444  530  100   143  401  229  487  315  186  272  358  444  530  100 Resp. Diff. (AU) LETTER RESEARCH
Annotation

C . e le g a n s D . m e la n o g a s t e r H . s a p ie n s S . c e r e v is ia e S . p o m b e E . c u n ic u li A . t h a li a n a
